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Abstract
Shallow landslides are a frequently recurring problem in some parts of Iran, including the 
Hyrcanian forest. In addition to traditional civil engineering measures, a potential solution 
for this problem is the application of soil bioengineering techniques. The mechanical reinforce-
ment effect of plant roots is one of the major contributions of vegetation to the mitigation of 
shallow landslides. Given the lack of information on the mechanical properties of common 
Hyrcanian forest species, the present study assessed the root strength of 10 common species 
of this forest. Eight tree species occurring in natural regeneration sites (Carpinus	betulus, 
Fagus	orientalis, Parrotia	persica and Quercus	castaneifolia) and plantations (Acer ve-
lutinum, Alnus	glutinosa, Fraxinus	excelsior and Picea	abies) and two shrub species 
(Crataegus	microphylla	and	Mespilus	germanica) were selected. Fresh roots were col-
lected and mechanical tests were carried out on 487 root samples. The ranges of root diameter, 
tensile force, and root resistance were 0.29–5.90 mm, 3.80–487.20 N, and 2.41–224.35 MPa, 
respectively. Two different algorithms, including the nonlinear least square method and log-
transformation, were used to obtain power regressions for diameter-force and diameter-resis-
tance relationships. The results of the two algorithms were compared statistically to choose 
the optimal approach for soil bioengineering applications. The nonlinear least square method 
resulted in lower Akaike information criteria and higher adjusted R2 values for all species, 
which means that this model can more efficiently predict tensile force and resistance based on 
root diameter. Log-transformation regressions generally underestimate tensile force and re-
sistance. Significant differences were found among mean root tensile force (ANCOVA; 
F=37.36,	p<0.001) and resistance (ANCOVA; F=34.87, p<0.001) of different species. Also, 
root diameter was significant as a covariate factor in tensile force (F=1453.77, p<0. 001) and 
resistance (F=274.26, p<0.001). Shrub species and trees in natural regeneration sites had 
higher tensile force and resistance values, while trees from plantation stands had lower values. 
The results of this study contribute to the knowledge on the root force and resistance charac-
teristics of several shrub and tree species of the Hyrcanian forest and can be used in evaluating 
the efficiency of different species for bioengineering purposes.
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tenance	needs	over	 time	are	unsuitable	 in	 the	 long	
term	(Morgan	and	Rickson	1995),	especially	in	natural	
resources	with	extensive	areas.	Potential	solutions	for	





















































































Root Tensile Force and Resistance of Several Tree and Shrub Species of Hyrcanian Forest, Iran (255–270) Ehsan Abdi














2. Material and Methods
2.1 Characteristics of the study site








species	are	Fagus orientalis, Carpinus betulus, Parrotia 
persica, Acer cappadocicum, Acer velutinum, Alnus gluti-





























































tury	ago	 (Packard	2012)	 to	express	 the	relation	be-
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Fig. 2 A natural shallow landslide; lateral root reinforcement can be seen along the tension crack (a) and failure of forest road cut slope (b) 
in the study area
Fig. 1 Location of the study area in the Kheyrud forest, northern Iran (the black point)
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rioration	prior	 to	 the	 tensile	 tests.	 Therefore,	 their	
































Fig. 3 Gully erosion formed by concentrated flow from a road side 
ditch
Table 1 List of studied plant species
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Table 2 Descriptive statistics of tested roots including diameter, force, and resistance
Species n Diameter, mm Force, N Resistance, MPa
Mean SD Max. Min. Mean SD Max. Min. Mean SD Max. Min.
Acer velutinum 56 1.72 1.26 4.45 0.29 64.15 75.11 291.30 7.11 30.77 25.03 135.87 3.97
Alnus glutinosa 59 1.71 1.25 4.68 0.38 60.25 64.84 251.80 7.20 26.12 16.79 108.43 4.52
Carpinus betulus 32 1.63 0.80 3.17 0.35 95.36 83.23 349.50 8.30 43.31 23.55 124.39 13.65
Fagus orientalis 33 1.69 0.94 4.00 0.52 74.92 61.68 237.40 8.30 30.47 12.34 66.47 12.92
Fraxinus excelsior 50 2.39 1.12 4.71 0.52 54.29 42.62 203.80 3.80 12.74 6.61 30.60 3.32
Parrotia persica 58 1.72 1.15 4.77 0.49 84.59 91.29 398.10 12.10 36.41 24.12 123.76 10.91
Picea abies 47 2.41 1.18 4.85 0.40 66.51 51.97 198.70 4.30 15.75 15.51 108.10 2.41
Quercus castaneifolia 30 1.53 0.93 4.02 0.60 83.59 69.87 249.00 9.90 42.67 21.79 104.47 15.83
Crataegus microphylla 64 2.08 1.08 5.90 0.40 135.86 100.06 441.90 8.90 44.94 29.77 224.35 11.01
Mespilus germanica 58 2.45 1.34 5.00 0.50 143.25 123.94 487.20 15.30 32.69 18.28 89.95 7.74
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Fig. 4 Tensile force as a function of root diameter. Nonlinear least squares approximation (dashed line) and log-transformation method (con-
tinues line)
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tions	were	found	for	F. orientalis,	Q. castaneifolia, and	











Table 3 Regression coefficients, adjusted R2 and AIC for tensile force of different species
Log-transformation Nonlinear least square
Species a b Adj. R2 AIC a b Adj. R2 AIC
Acer velutinum 25.02 1.26 0.70 575.96 20.71 1.61 0.79 556.85
Alnus glutinosa 22.98 1.41 0.85 547.63 25.48 1.38 0.86 543.35
Carpinus betulus 40.64 1.40 0.60 346.39 42.17 1.49 0.63 344.30
Fagus orientalis 29.77 1.52 0.92 280.37 32.96 1.41 0.93 278.59
Fraxinus excelsior 13.02 1.45 0.62 470.92 14.16 1.45 0.63 468.79
Parrotia persica 33.44 1.34 0.87 573.50 26.95 1.66 0.93 527.34
Picea abies 13.62 1.55 0.64 458.97 19.90 1.32 0.66 455.64
Quercus castaneifolia 38.01 1.50 0.73 302.22 50.77 1.15 0.80 293.58
Crataegus microphylla 45.41 1.33 0.61 711.91 61.83 1.07 0.65 705.95
Mespilus germanica 34.38 1.39 0.65 663.95 43.50 1.28 0.67 661.17
Fig. 5 Root tensile force (mean±SE). Means with different letters are statistically different (p<0.05)
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Fig. 6 Root resistance as a function of root diameter. Nonlinear least squares approximation (dashed line) and log-transformation method 
(continues line)
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The	two	shrub	species,	along	with	C. betulus, P. 
persica, and Q. castaneifolia, are	 categorized	 as	 the	
strongest	species	or	as	the	species	with	the	highest	ten-
sile	force	among	the	studied	species	(group	A	in	Fig.	5). 
The	species	A. velutinum and	A. glutinosa	are	interme-















































Table 4 Regression coefficients, adjusted R2, and AIC for resistance of different species
Log-transformation Nonlinear least square
Species a b Adj. R2 AIC a b Adj. R2 AIC
Acer velutinum 28.59 –0.73 0.66 461.68 28.34 –1.08 0.79 434.86
Alnus glutinosa 26.27 –0.59 0.53 458.25 26.87 –0.82 0.58 450.79
Carpinus betulus 46.45 –0.59 0.37 280.30 50.05 –0.55 0.39 279.16
Fagus orientalis 34.02 –0.48 0.41 244.15 35.47 –0.48 0.42 243.52
Fraxinus excelsior 16.58 –0.54 0.35 310.97 17.56 –0.49 0.38 308.93
Parrotia persica 38.22 –0.65 0.58 484.82 40.63 –0.94 0.67 470.90
Picea abies 17.34 –0.44 0.08 389.31 23.49 –0.62 0.15 385.61
Quercus castaneifolia 43.44 –0.49 0.17 266.45 46.79 –0.43 0.20 265.49
Crataegus microphylla 57.85 –0.66 0.33 591.87 62.44 –0.65 0.35 590.32
Mespilus germanica 43.80 –0.60 0.44 470.42 48.38 –0.64 0.47 467.32
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A. glutinosa, and P. abies	 in	plantation	stands.	Two	




















































Fig. 7 Root resistance (mean±SE). Means with different letters are statistically different (p<0.05)
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of	 the	 Hyrcanian	 forest	 were	 16.58<a<46.45	 and	
–0.73<b<–0.44	for	the	log-transformation	method	and	




























current	study	(A. velutinum	30.77	MPa,	A. glutinosa 
26.12	MPa,	C. betulus	43.31	MPa,	F. orientalis	30.47	MPa,	
F. excelsior	12.74	MPa,	P. persica	36.41	MPa,	P. abies 
15.75	MPa	and	Q. castanefolia	42.67	MPa)	are	compa-
rable	to	those	reported	in	Stokes	(2002),	including	
Alnus incana	(22	MPa),	Fraxinus excelsior	(26	MPa),	Acer 
platanoides	(27	MPa),	Picea abies	(28	MPa),	Quercus rubra 
(32	MPa)	and	Alnus japonica	(41	MPa).	However,	our	
values	were	larger	than	the	mean	resistance	values	






different	 species	 (ANCOVA,	 Fig.	 5)	 confirmed	 that	
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42.9 Cotoneaster dammeri 18.7	and Juniperus horizontalis 


















reported	 the	 following	 ranges:	 73.0<a<91.2	 and	
–0.60<b<–0.45	for	two	shrub	species	(Atriplex halimus 
















































tion	to	 tensile	resistance,	surcharge	 is	an	 important	
criterion	for	soil	bioengineering	measures,	especially	
on	 forest	 road	cut	and	fill	 slopes	 that	usually	have	
higher	slope	angles	than	natural	slopes.	In	this	study,	
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